Introduction
Quantification of microbes is increasingly important in microbiological research. Rapid separation and quantification of the specific pathogen of interest from samples is required for clinical diagnosis and biomedical analysis. Counting chambers (haemocytometer), a wide spread method, is normally used for the determination of cell number. Simple use, acceptable cost and rapid analysis are their greatest benefits, even though the results are less accurate at lower concentrations. Furthermore, they cannot recognize dead from living cells as can electrical counters. Plate count is also a widespread method for counting viable bacterial colonies. However, it is a time-consuming process; days to weeks are needed for sufficient cell growth for analysis. Today, flow cytometry has been considered for bio-particle sorting and counting. Integration with light-scattering detection and fluorescence labeling of targets may offer the possibility to quantify cells with high sensitivity and specificity [1] . However, the complicated operation processes and high equipment cost may limit its application, especially for rapid screening of clinically infectious diseases. To simplify such a processing, a dielectrophoresis (DEP) chip was developed to achieve those complexes. It has been widely used for biotechnology applications under micro-scale environment to be a concentrator, separator or sorter [2] . In the physical solution, DEP offers a number of potential advantages over conventional methods for the isolation, manipulation, separation and genetic detection of bio-particles under nonuniform electric fields [3] . The DEP force is defined by Where, r is particle radius, ε m is the permittivity of the medium, E is the applied electric field, and f CM is the Clausius-Mossotti (CM) factor. f CM can also be expressed by f CM (ω)= ε p * +εm * /ε p * +2ε m * , where ε p * and ε m * are the complex permittivity of the particle and the surrounding medium. As we know, permittivity effect can be controlled by changing the conductivity (σ) and frequency (ω) of the applied electric field, therefore it can be given as equation ε*= ε -i(σ/ω). It is clear showed the effects of the permittivity can be well controlled at high frequencies while the conductivity is dominated at relatively low frequencies. In detail, Re[f CM ] is the real part of the Clausius-Mosotti factor, gives the in-phase component of the dipole moment. Accordingly, the behavior of polarizable particles can be attracted (Re(f CM (ω))>0) or repelled (Re(f CM (ω))<0) from the high electric field region owing to its frequency dependent properties. The frequency at the CM factor near zero is known as the cross-over frequency (cof).
A 3D microfluidic chip with paired face-to-face electrodes system was developed and successfully applied for the separation of bioparticles in previous reports. According to their work, the DEP force in the center of the designed electrodes can be written as Where, a is the channel height, V rms is the root-meansquare potential.
We present a novel approach of greyscale image processing (GIP) in a dielectrophoretic (DEP) chip for on-line bio-particle quantification. This method has the advantages of rapid detection and label-free microbe analysis. DEP gates, which are generated by face-to-face electrodes, are used to sort and trap particles under the well-controlled alternating current (AC) electric fields. The brightness of the slugs observed in the image could be converted to the thickness of the trapped particles in the microchannel by image processing, and then the volume and number of these particles could be calculated. This imaging-based method integrated with the designed microfluidic chip shows strong feasibility for the rapid quantification of microbes.
Methods
The face to face microelectrodes were fabricated on the both top and bottom layers of the microchannel through MEMS technique to create 3D electric field distribution. In our previous research [2] , particles could be separated into the individual channels by sorting electrodes and accumulated in front of trapping electrodes via the difference in DEP mobility. The process of quantification is based on the analysis of greyscale pixels of images taken from the trapped particles. The 8-bit greyscale images were used for image processing throughout the experiment. In general, the values of greyscale pixels represent a level of greyness or brightness, and pixels with a value of 0 or 255 are related to the black and white colours, respectively, in an 8-bit greyscale image. Although greyscale images with bit depth of 2, 4, 6, 12, 16 and 32 exist, 8-bit greyscale images are the most common. Furthermore, its 1-byte-per-pixel size make it easy to manipulate with a computer and the scale of height can be expressed as channel height divided by grayscale levels (15/255 = 0.059 µm) and the pixel size of the x-axis and y-axis is 1 lm in π ε ω = our system. The trapped particles could not pack uniformly in the microchannel and the thickness of the surrounding edge may be thinner and have lower density than the centre region, as shown in Fig. 1(a) . The system configuration was shown in Fig. 1(b) . 
Results and discussion
Label-free particles could be successively sorted and trapped in a continuous flow under the applied alternating current (AC) conditions. Images of aggregative particles taken from the designed trapping area were further processed based on the intensity of relative greyscale followed by correction of the particle numbers. Over 95% of the capture efficiency for 2 µm polystyrene beads could be achieved with a linear flow speed, applied voltage and frequency of 0.89 mm s -1 , 20 V p-p and 5 MHz. The cells/ particles were detected by GIP, and the results were compared with that of a conventional chamber counting method. The measurement time for either 2 or 3 µm particles took about 5 and 20 minutes at the concentrations of 10 7 and 10 5 particles ml -1 , respectively. As shown in Fig.  2 (a) , the counts of PS beads with 2 and 3 in diameters obtained by GIP and chamber counting closely correlated in the range from 1.2 × 10 5 to 7.8 × 10 6 particles/ml (n = 3). As illustrated in Fig. 2(b) , yeast cells (Candida glabrata and Candida albicans) could also be captured even at a lower concentration of 2.5×10 5 cells ml -1 . C. albicans could be quantified within 3, 7 and 15 min at the concentrations of 10 7 , 10 6 and 10 5 cells ml -1 , respectively. The measurement time of C. glabrata did not exceed 30 min at the concentration of 10 5 cells ml -1 . The imaging-based quantification method showed higher agreement than that of the conventional counting chamber method and proved the stability and feasibility of our AC DEP system. The potential of this method is relative cheap and rapid over other conventional detection techniques. Further study of the rapid quantification of bacteria (~1 µm in diameter) in the microfluidic DEP-chip is now in progress. 
Conclusion
A novel and rapid method was demonstrated for quantifying the concentration of bio-particles in a microfluidic chip. The volume of total trapped particles could be quantified with the image visualisation software, and then the concentration of particles could be determined. The measurement time for either 2 or 3 µm particles took about 5 and 20 min at the concentrations of 10 7 and 10 5 particles/ml, respectively. C. albicans could be quantified within 3, 7 and 15 min at the concentrations of 10 7 , 10 6 and 10 5 cells ml-1, respectively. The measurement time of C. glabrata did not exceed 30 min at the concentration of 10 5 cells/ml. The advantages of this method are relatively cheap and rapid over other conventional detection techniques. This rapid and portable positive-negative diagnostic platform would be a preliminary screening step for things such as urethral irritation, raw milk and environmental monitoring.
